Objective: Following coronary artery bypass graft surgery, some studies using magnetic resonance imaging (MRI) have demonstrated new small ischemic brain lesions in patients without apparent neurological deficits. We aimed to prospectively evaluate brain injury after cardiac valve replacement using MRI and to determine the relationship to neurocognitive function. Methods: Thirty patients with a mean age of 64.9G9.8 years (range, 32-82, 12 female) receiving cardiac valve replacement (aortic valve replacement [AVR], nZ24; mitral valve replacement [MVR], nZ2; AVR and MVR, nZ2; AVR and mitral valve repair, nZ2) were investigated. Study protocol included neurological examination, comprehensive neuropsychological assessment and diffusion-weighted (DW) MRI. The investigations were performed before surgery and 5 days and 4 months after surgery. Results: Postoperative DW MRI detected new focal brain lesions in 14 patients (47%). No patient revealed a focal neurological deficit. Six patients (43%) had multiple (S3) lesions (range, 1-7). Lesion volume ranged from 50-500 mm 3 except 1 territorial infarct of 1900 mm 3 . Of a total of 41 lesions, 27 (66%) were located in the right hemisphere and 32 in a subcortical location. By 5 days postoperatively, significant neurocognitive decline was observed in 5 of 13 tests affecting memory, attention and rate of information processing. By 4 months, dysfunction had recovered in all cognitive areas. The presence of new ischemic lesions was not associated with neurocognitive decline at discharge. There was also no significant correlation between clinical and operative variables and the presence of new DW lesions or neuropsychological outcome. Conclusions: Following cardiac valve replacement, new small ischemic brain lesions were detected by diffusion-weighted MRI. Neurocognitive decline was present early after operation, but resolved within 4 months. A correlation of new ischemic lesions to postoperative cognitive dysfunction or clinical variables was not found.
Introduction
Out of all adverse outcomes associated with cardiac surgery, neurological complications represent one of the greatest challenges to the procedure. Severe focal neurological deficits such as stroke have been observed in 0.4-5.7% of patients after coronary artery bypass graft surgery (CABG) [1] . Milder and subclinical forms of postoperative brain injury with intellectual decline or impairment of neuropsychological function, as detected by a decrease in neuropsychological testing scores compared to baseline performance, are much more common with tremendous medical, social and economic implications [2] . The frequency of cognitive dysfunction after CABG ranges between 30-80% during the first weeks after surgery [3] . Although most patients improve by six months, in some patients cognitive decline may be present even later [4, 5] . Compared with CABG surgery, the knowledge of incidence and timecourse of cognitive dysfunction after cardiac valve replacement is scarce, and data acquired in CABG patients cannot be easily extrapolated on patients undergoing open heart surgery due to different operative procedures.
The pathogenesis of neurocognitive decline after heart surgery is still unknown, and many mechanisms have been postulated to be involved including cerebral embolization, hypoperfusion, edema, inflammation and metabolic disturbances [6] [7] [8] . Neuroimaging methods such as magnetic resonance imaging (MRI) have been increasingly employed in the study protocols after cardiac surgery since cerebral ischemia secondary to embolization, hypoperfusion, or a combination of these is considered to be a crucial pathophysiological factor underlying postoperative neurocognitive impairment [3] . Using conventional MRI, new ischemic cerebral lesions have been detected in up to a third of patients after coronary revascularization [9] [10] [11] . Advanced MRI techniques with diffusion-weighted (DW) sequences are more sensitive than conventional MRI and can detect ischemia within minutes after onset [12] . Patients with postoperative stroke nearly always demonstrate diffusion abnormalities [13] . Some investigators have observed ischemic brain lesions after CABG even in patients without focal neurological deficits [10, 14] , and in the few studies that systematically investigated the correlation between the appearance of new lesions on MRI and neurocognitive function, results were variable [9] [10] [11] 14] . As far as cardiac valve surgery is concerned, studies using DW MRI and neurocognitive testing do not exist until present. The aim of this study was to prospectively evaluate brain injury after cardiac valve replacement by the use of diffusion-weighted MRI and to determine its relationship with neurocognitive function and clinical data.
Materials and methods

Patients
A total of 39 patients undergoing cardiac valve replacement were enrolled in this prospective study. Informed written consent was obtained from all patients before participating in the study. All patients completed clinical examination, magnetic resonance imaging of the brain and neuropsychological testing approximately 6 days before operation. All investigations were repeated early before the patient was discharged from hospital and approximately 4 months after operation. Patients with a prior stroke or hemodynamically relevant carotid artery stenosis (O70%), psychiatric or neurological illness requiring treatment, uncontrolled hypertension, metabolic disease, alcoholism, non-fluency of the German language were excluded, as were those with contraindications for MRI (e.g. pacemaker, claustrophobia) and concomitant coronary artery disease requiring additional CABG. To minimize postoperative dropout rate, patients who were non-compliant were also excluded. All patients were non-emergent.
Clinical examination
A comprehensive clinical examination, including medical history, physical and detailed neurological examination, was performed at all three points in time during the study. In addition, patients received blood tests, an electrocardiogram and chest X-ray daily during hospitalization and an echocardiogram before surgery, in the operating room and at least once after operation.
Neuropsychological assessment
Neurocognitive function was assessed using standardized and well-validated tests. The test battery consisted of 11 psychometric tests covering major cognitive areas known to be vulnerable to organic damage: learning and memory, attention and psychomotor speed, information processing, logical thinking and visuo-spatial perception. The emotional status and depression were rated by two questionnaires. The Reitan Trail making test part B (TMB) and Zimmermann's divided attention test was used to assess attention and psychomotor speed. In the Reitan Trail making test part A (TMA) (examining rate of information processing, psychomotor tracking speed, hand-eye coordination) the task is to connect, by drawing a line, numbers in a sequence (i.e. 1-2-3 etc.), in the TMB test numbers and letters in a sequence (i.e. 1A-2B-3C etc.), as quickly as possible. The Verbal learning test (using Nürnberger age inventory) was administered to test for learning and memory of words. The test consisted of an oral presentation of 8 semantically unrelated words that the patient was requested, first, to learn and recall immediately (word list-immediate recall), and then, after a 30-min delay, to recognize those words (out of list of 15), which were presented earlier (word list-delayed recognition). The Digit span subtest of Wechsler memory scaleRevised is a task requiring short-term memory (Digit span forward) and working memory (Digit span backward) for verbal material. The Corsi block-tapping test was used to examine short-term and working memory for visual structures. The investigator tapped with his fingers on a series of blocks, and the patient was requested to recall the sequence, first forwards, then backwards. Visuo-spatial function and recognition of categories and regularities of geometrical objects were tested with Horn's performance test 55C subtest 9 and 3, respectively. Except for TMA, TMB and divided attention test, a higher score indicates a better function. Mood was rated with von Zersson test (28 items) and depression with the General depression scale-short version (derived from Hospital anxiety and depression scale, 15 items). In these scales, a lower score indicates a lower level of discomfort and depression. All tests were conducted by the same neuropsychologist. Parallel sets of tests were used to minimize the practice effect. Except for TMA, TMB and divided attention test, the individual test scores at each testing point (raw data) were converted into t-scores and ranks of percentage according to reference lists. By this, each patient's performance was comparable with that of healthy subjects of equal age and sex.
Magnetic resonance imaging of the brain
MR scans of the brain were performed on a standard 1.5-T whole body imaging system (Sonata, Siemens AG, Erlangen, Germany). The protocol included (1) ). Field of view was 230 mm and slice thickness was 6 mm for all sequences. Preexisting brain abnormalities (e.g. microangiopathy, infarctions or atrophy) and the appearance of new DW lesions on postoperative scans were evaluated. Scans were read by two experienced neuroradiologists blinded to the clinical and neuropsychological data of the patient up to the time of examination (before or after surgery). In case of discrepancy, a consensus reading was held. For volume quantification, the images were magnified fourfold, the area of lesion was manually delineated in each image slice by region of interest, and the volume was calculated using standard scanner software (Syngo, Siemens AG, Erlangen, Germany).
Anesthesia and surgical procedure
Standard anesthesia techniques were used to perform heart valve replacement with the assistance of cardiopulmonary bypass (CPB). Patients received 1 mg flunitrazepam orally for premedication and ethmidate, sufentanil and rocuronuim intravenously to induce general anaesthesia, followed by isofluran inhalation to maintain it. The surgical procedure was performed through a median sternotomy. The CPB circuit consisted of a membrane oxygenator and a 40-mm arterial filter. The lining system was filled with 1600 ml Ringer lactate, mannitol, gelafundin and sodiumbicarbonate. Heparin was administered before cannulation to achieve an activated clotting time above 400 s during CPB. A curved aortic cannula, a cardioplegia aortic root vent, and a two-stage or two single-stage venous cannula, where appropriate, were used. The operation was performed under moderate hypothermia (30 8C) and in cardiac arrest induced by cold Bretschneider solution. During CPB, non-pulsatile pump flow was maintained at 2,4 l/min m 2 . Mean arterial pressure (MAP) was kept above 50 mmHg. Arterial partial pressure of carbon dioxide was maintained at 35-40 mmHg and arterial pressure of oxygen at 200-250 mmHg during perfusion. Acid-base status was monitored with the a-stat protocol. Hemotocrit was kept above 21% during CPB with packed red blood cells if necessary. De-airing was achieved by (1) flushing the open ascending aorta by slightly releasing the cross-clamp, (2) venting of the left ventricle via the pulmonary vein, (3) venting of the ascending aorta, (4) tilting the operating table to ease release of air, (5) manual decompression of the left atrial appendage and, in some cases, (6) retrograde de-airing via the apex of the left ventricle. After decannulation, protamine sulfate was administered until preoperative activated clotting time was achieved. Postoperatively, patients were weaned from mechanical ventilation under mild analgosedation with propofol. Opioids were administered until postoperative day 2 when chest tubes usually could be removed. Patients were treated postoperatively with unfractionated heparin during the entire course of hospital stay (activated prothrombin time-target range 40-60 s).
Statistical analysis
All statistical analysis were performed with a statistical software package (Statistical Product and Service Solutions, SPSS, version 11.0, SPSS Inc., IL, USA). Differences were considered statistically significant at P!0.05. 
Results
Thirty-nine patients were enrolled in the study and underwent cardiac valve replacement at our institution. Nine patients were lost to follow-up postoperatively due to death (nZ2 patients died few days after operation in the intensive care unit [ICU]), refusal to participate further (nZ5) and pacemaker implantation (nZ2). Thus, 30 patients receiving cardiac valve replacement could be investigated prospectively and completed 6-day and 4-month follow-up investigations. There were 12 women and 18 men with a mean age of 64.9G9.8 years (range, 32-82) ( Table 1) . Baseline examination (E1) was performed 6.1G4.3 days [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] before surgery. First postoperative examination (E2) was performed 5.0G1.4 days [3] [4] [5] [6] [7] after operation, usually on the day before discharge from hospital, and 4-month follow-up study was completed 111.3G30.4 days (80-202) postoperatively.
Clinical outcome
Aortic valve replacement (AVR) was performed in 24 patients (80%) ( Table 1) . Two patients underwent mitral valve replacement (MVR), double valve replacement (AVR and MVR) and aortic valve replacement and mitral valve Table 2 .
Neuropsychological tests
The results of neurocognitive tests and questionnaires before cardiac valve replacement and the changes in scores during postoperative follow-up are shown in Table 3 . Early postoperatively, a significant deterioration of neurocognitive function was observed in 5 of the 13 tests as compared to baseline performance (P!0.05). The impairment was observed in almost all cognitive domains tested, particularly in attention, rate of information processing and memory functions. The TMB scores increased from 109.7G36.4 before surgery to 160.6G93.4 at discharge (P!0.002) indicating a marked slowing in attention and psychomotor speed (Table 3) . Fig. 1 demonstrates the individual performance of the patients in the TMB test during the study period. As compared to baseline performance, most of the patients exhibited deterioration in attention early postoperatively. Decline in memory function was most prominent in the Corsi block-tapping tests and the Digit span tests (Digit span backward test score: 50.0G9.5 before surgery vs. 42.7G10.1 at discharge, P!0.002) (note: in this test higher scores mean improved function) (Fig. 2) . Notably, the performance in visual-constructive abilities and logical thinking were not affected early after surgery. A tendency towards declined function was seen in divided attention, word-list (delayed recognition) and mood. At 4-month follow-up study, neurocognitive performance had completely recovered in all cognitive areas with impaired function early after surgery (Table 3 ). In addition, cognitive performance even improved at 4th-month in some areas that were primarily not affected (e.g. Horn's performance test 3 and 9, Hb concentration) or postoperative complications (e.g. arrhythmia, hypotension).
MR imaging
On preoperative T2 MRI scans, 3 patients showed brain atrophy and 6 showed signs of vascular brain damage (infarction, nZ4; lacunes, nZ2). On postoperative scans, a total of 41 new ischemic DW lesions were detected in 14 of the 30 patients (47%). The new lesions displayed signal hyperintensity on diffusion-weighted imaging and were dispersed in all cerebrovascular territories (Table 4) . Twenty-seven lesions (67%) were in the right hemisphere. Nine lesions (22%) were located in the cortical gray matter. Ten patients (71%) had 2 or more lesions (range, 1-7). A 59-year-old patient with a normal preoperative scan displayed 7 new DW lesions following aortic valve replacement. Six of the 7 lesions were located in the right posterior cerebrovascular territory (2 in the occipital lobe and 4 in the cerebellum). The patient revealed no neurological deficits and left hospital on the fourth postoperative day. One patient receiving aortic valve replacement with a Carpentier Edwards Perimount biological prosthesis developed a territorial infarct measuring 1900 mm 3 in the left cerebellar lobe and another small focal lesion in the left cerebellar cortical border zone of 160 mm 3 . The postoperative course in this patient was uneventful and the lesions, interpreted as embolic infarctions in the posterior inferior cerebellar artery territory, remained clinically silent on repeated neurological examinations. In the remaining 13 patients, lesion volume was small ranging from 50 to 500 mm 3 . There was no correlation between the presence of new DW lesions and impaired neurocognitive function early after surgery (linear regression analysis). For example, in the TMB test, the performance of patients with new MRI lesions (Fig. 1a,  patients 1-14) did not differ from that of patients without Frontal  11  4  7  110-295  85-160  Parietal  2  1  1  423  104  Occipital  11  10  1  65-500  165-175  Temporal  1  1  0  80  0  Cerebellum  11  6  5  59-234  80-1900  Nucleus caudatus  3  2  1  50-65  325  Thalamus  1  1  0  97  0  Other  1  1  0  150  0  Total  41  27  14 new lesions (Fig. 1a, patients 15-30) . The presence of new lesions on postoperative MRI was also not associated with clinical variables, surgical data and postoperative complications (Table 2) . Fig. 4 gives an example of the appearance of new DW brain lesions after cardiac valve replacement.
Discussion
This study demonstrates that new small ischemic brain lesions can occur after cardiac valve replacement in patients without apparent neurological deficits. Neuropsychological testing revealed marked decline in cognitive performance one week after surgery, but deficits recovered within four months. A correlation of the appearance of new ischemic lesions to neurocognition was not found.
With advances in surgical techniques and anesthesia, the rates of mortality and cardiac morbidity after heart operations have decreased with time, allowing to offer the procedure to patients with more underlying disease and elderly patients. Nevertheless, cardiac surgery is associated with a substantial risk for adverse neurobehavioural outcome. After CABG, the incidence of stroke is described to range from 1.5 to 5.2% in prospective studies [1, 2] . A much larger proportion of patients encounter subtle, subclinical postoperative changes in neurocognitive function that are detected by a decrease in neuropsychological test scores. Short-term cognitive decline is reported in 30-80% of patients undergoing CABG with cardiopulmonary bypass [4] . Usually cognitive complaints disappear within 6 months after surgery, but some of the cognitive changes may well persist a year or more [5] . Knowledge about incidence and time course of neurobehavioural outcome following cardiac valve surgery is far less, and the data obtained on CABG patients may not necessarily pertain to valve replacement (VR) patients due to considerable differences between intracardiac and extracardiac procedures.
In the present study, none of the patients revealed symptoms of a focal neurological deficit on serial postoperative neurological examinations. Neurocognitive testing at discharge compared to baseline performance disclosed impaired cognitive function in 5 of 13 tests. The deterioration was seen in various cognitive areas affecting attention and psychomotor speed (including hand-eye coordination), information processing and memory functions. This observation is in line with numerous other investigators [2, 5, 15] , and particularly complaints related to memory belong to the most common described during the first weeks after cardiac surgery [3] . In contrast to CABG, studies that examine VR patients with the use of neuropsychological tests and with a follow-up beyond two months after operation are scanty. When, instead of psychometric tests, P300 auditory evoked potentials are considered as measure of neurocognitive outcome, it was shown that 7 days after aortic valve replacement, P300 peak latencies were prolonged (impaired) compared with preoperative values [16] . This decrease in P300 latencies was independent of the type of valve prosthesis [17] . Four months postoperatively, neurocognitive decline was reversible in patients with mechanical aortic valve replacement, but not in patients with biological aortic valve replacement [17] . For this contrary development, the authors claimed age to be most important, and cerebral damage related to the type of valve prosthesis may be overestimated. In our cohort, no persistent impairment of neurocognitive function was present 4 months after cardiac valve replacement. In fact, a great deal of evidence exists that advanced age is a crucial variable for the development of postoperative neurocognitive dysfunction [3] . It is left to future studies with elderly patients to elucidate whether the restoration of cognitive function described in our cohort may be ascribed to their relatively young age.
The etiology of neuropsychological impairment after cardiac surgery with CPB is unresolved. To enhance the understanding of the pathogenesis of this disorder, neuroimaging methods including magnetic resonance imaging have been increasingly implied in the study protocols before and after operation. Using conventional MRI, new ischemic brain lesions were detected in up to a third of patients after CABG [9] [10] [11] 18] . The availability of advanced MRI technology using diffusion-weighted sequences has increased the sensitivity and specificity for the detection of new postoperative brain damage decisively. DW MRI increases the conspicuity of new lesions and allows to differentiate between old and new abnormalities. For this, DW MRI is superior to conventional MRI where the development of new lesions may be underestimated by T2-weighted sequences [9, 14] . In a study on 13 patients undergoing CABG, diffusion-weighted lesions were found in 4 patients (31%) with one of them having a focal neurological deficit [19] . In a larger series, Bendszus and colleagues [14] investigated 35 CABG patients and found new ischemic lesions in 9 patients (26%) with none of the patients having neurological deficits. In a very recent study on patients undergoing aortic valve replacement, new DW lesions were reported to be present in 14 of 37 patients (38%) of whom only 3 patients developed focal neurological deficits [20] . In the present study, DW MRI displayed areas of diffusion restriction in 47% of patients after cardiac valve replacement. All lesions were clinically silent, and except for 1 lesion representing an embolic territorial cerebellar infarct, lesions were small ranging from 50 to 500 mm 3 . A similar size of lesions was found in a most recent investigation of our group performed on CABG patients [21] . The incidence of new lesions reported here is essentially in line with reports by other groups, although in our study lesions are slightly more frequent and none of our patients revealed neurological deficits. A possible explanation for this may be that we did not only enrol patients receiving aortic valve replacement but also included patients with double valve surgery resulting in an increased risk for embolization. Comparing the incidence of DW lesions in VR patients with that in CABG patients, the greater ischemic damage following valve surgery is probably due to the operative procedure itself (e.g. opening the ascending aorta, decalcification of the valvular ring, cutting out calcified valves). Consistently, a higher number of intraoperative cerebral microembolic signals were detected in VR as compared to CABG patients [22] .
The nature of the small lesions on DW MRI is uncertain. There is good evidence, however, to assume that the new lesions correspond to focal cerebral ischemia secondary to embolization. We base this assumption on the radiographic appearance of the lesions (globular, small), their diffuse distribution in almost all vascular territories, their predominance on the right side (66%) and their multiplicity (only 4 patients had a single lesion). Further evidence comes from histological examination of the brain of patients who died after CABG with CPB demonstrating thousands of emboli lodged in the microvessels [23] . Transcranial Doppler can detect many microembolic signals during CPB-assisted cardiac surgery [7, 22] . Macroemboli arise from the cardiac chambers or the bypass circuit or from atheromatous plaques in the ascending aorta or aortic arch and are likely to produce clinically relevant infarction [24] . Microemboli, made of gas or solid matter, can frequently be observed during CPB-assisted cardiac surgery and occur more often after cardiac valve replacement than after CABG [22] . Therefore, we hypothesize that the majority of lesions in this study correspond to small brain infarcts caused by thromboemboli or macroscopic air bubbles.
The correlation between the presence of new ischemic brain lesions and postoperative neuropsychological dysfunction is still uncertain. In the few studies that were performed on CABG patients, the relation was variable [9] [10] [11] 14, 19] . In agreement with our previous investigation on CABG patients, also in patients undergoing cardiac valve replacement, we failed to find differences in postoperative neuropsychological performance between patients with and without new DW lesions [21] . Further studies are needed to elucidate the clinical significance of new small brain infarcts for the development of neurobehavioural outcome after cardiac valve surgery.
There are some limitations to this study. First, although diffusion-weighted MRI is superior to conventional MRI, spatial resolution is limited. The method only discloses lesions that extend the pixel size, so that showers of microscopic air emboli are likely to be missed. Our findings may only be the 'tip of an iceberg', and the 'true' ischemic burden to the brain may be underestimated. DW MRI seems to evolve as a good tool in studies for acute stroke, but whether it is a surrogate marker for brain injury in patients with milder neurobehavioural outcome remains to be awaited. As in all studies using MRI, another limitation is due to the number of patients included (even though only few studies have more patients and studies that examined patients undergoing valve replacement by means of DW MRI and neurocognitive testing do not exist). For this, the absence of correlation between postoperative DW lesions and neurocognitive deficits needs to be confirmed in greater cohorts. The length of follow-up in this study was 4 months. It might be concluded that the decline in function after cardiac valve replacement is only transient and reversible in the majority of patients. However, it is reported that cognitive decline at discharge is a predictor of long-term neurocognitive dysfunction [5] . A reevaluation of patients after one year would help to address this issue. Finally, this study is limited by the lack of a control group. Although results of numerous studies provide evidence of embolization to be a crucial mechanism, the underlying reasons for neurocognitive impairment after cardiac surgery with cardiopulmonary bypass remain uncertain.
In conclusion, in this study we combined the new magnetic resonance technique of diffusion with comprehensive neuropsychological assessment as measures of brain injury after cardiac valve replacement. New DW lesions, consistent with small embolic infarctions, were detected in almost half of the patients. Neurocognitive function was severely impaired early after surgery, but resolved within 4 months. The appearance of new ischemic lesions was not associated with neurocognitive performance and clinical and surgical variables.
